Two cDNA clones, pOS-ACO2 and pOS-ACO3, encoding 1-aminocyclopropane-l-carboxylate (ACC) oxidase were isolated from rice seedling cDNA library. pOS-ACO3 is a 1,299 bp full-length clone encoding 321 amino acids (M r =35.9 kDa), while pOS-ACO2 is 1,072 bp long and is a partial cDNA clone encoding 314 amino acids. These two deduced amino acid sequences share 70% identity, and display a high degree of sequence identity ( 
The gaseous plant hormone ethylene elicits diverse physiological responses and induces specific changes in gene expression during a broad spectrum in a plant life cycle. The production of ethylene in plant tissue is normally low, but is markedly promoted by a wide range of developmental and environmental cues, such as seed germination, leaf and floral senescence, fruit ripening, and in response to a multitude of biotic and abiotic stresses Hoffman 1984, Abeles et al. 1992) . In higher plants, ethylene is produced from methionine (Met) via S-adenosyl-L-methionine (AdoMet) and 1-aminocyclopropane-1-carboxylate (ACC) (Met -»• AdoMet -> ACC -• C 2 H 4 ) (Yang and Hoffman 1984 , Theologis 1992 , Kende 1993 . ACC synthase and ACC oxidase, respectively, catalyze the last two steps in this biosynthetic pathway (Theologis 1992 , Kende 1993 , Kende and Zeevart 1997 . In ripening fruit and senescing flower tissues, these two unique enzymes are induced during the processes and contribute to the regulation of ethylene biosynthesis Hoffman 1984, Theologis 1992) . With the exception of preclimacteric fruits and flowers, it has been generally regarded that ACC oxidase is constitutively expressed in plant tissues so that ACC synthase represents the ratelimiting step for ethylene production Hoffman 1984, Theologis 1992) . ACC synthase is encoded by a divergent multigene family and the expression of each member of gene family is modulated differentially by developmental, hormonal and environmental factors (Theologis 1992, Kende 1993, Kende and Zeevart 1997) .
As is the case with ACC synthase, ACC oxidase is found to be encoded by a gene family (Kende 1993, Kende and Zeevart 1997) . Recent molecular studies have shown that ACC oxidase gene family is differentially expressed in different organs, and at distinct developmental and physical conditions (Kende and Zeevart 1997) . For example, three ACC oxidase genes were identified from both tomato and melon plants (Barry et al. 1996 , Lasserre et al. 1996 . The expression of each member of gene family is spatially and developmentally regulated in a gene-specific manner in wounded and ethylene-treated leaves, during the senescence of flowers and leaves, in the ripening process of fruits, and in response to pathogen attack (Barry et al. 1996 , Lasserre et al. 1996 , Blume and Grierson 1997 . During flower development and senescence of petunia, ACO1 gene was expressed specifically in senescing corollas, whereas the ACO3 and ACO4 genes were specifically expressed in developing pistil tissue (Tang et al. 1994) . Liu et al. (1997) have shown that three ACC oxidase homologs, ACC01, ACCO2 and ACCO3, are differentially regulated in sunflower organs, and are induced by wounding and silver ion treatment in seedlings. In Nicotiana glutinosa plants, diverse biotic and abiotic stresses, such as TMV infection, CuSO 4 treatment, salicylic acid, methyl jasmonate (MJ), ethylene and wounding, induce three members of ACC oxidase genes in a gene-specific manner (Kim et al. 1998) . Most recently, Hunter et al. (1999) have examined the expression of three ACC oxidase genes during leaf ontogeny in white clover. The results have revealed that TRACO1 is expressed specifically in the apex, and TRA-CO2 in the apex and in developing and mature green leaves, while the third gene, TRACO3, is active in senescent leaf tissue. All these results provide evidence that ACC oxidase genes are not constitutive, but the specific expression of each member of gene family is critical for the regulation of ethylene biosynthesis in vegetative tissues, as in ripening fruits and flowers.
Previously, Mekhedov and Kende (1996) reported that the levels of ACC oxidase (OS-ACO1) transcript and enzyme activity increased following submergence of deepwater rice, indicating that the production of ethylene is controlled, at least in part, by ACC oxdase in internode of deep water rice. We have been interested in elucidating the differential regulation of ACC oxidase gene family in response to different plant hormones in rice plants. The particular aim of the present study was to identify whether the different hormonal interactions are involved in the expression of ACC oxidase genes. For this purpose, we applied various plant growth regulators and monitored the induction pattern of ACC oxidase mRNA in etiolated rice seedlings. The results of this work suggest that two ACC oxidase genes, OS-ACO2 and OS-ACO3, are differentially regulated by a complex regulatory cross-talk between auxin and ethylene, and by protein phosphorylation/dephosphorylation cascades in etiolated rice seedlings.
Materials and Methods
Plant materials and experimental treatments-Dry seeds of rice (Oryza sativa L. japonica) were surface sterilized with 10% commercial bleach (0.5% NaOCl) for lOmin, followed by many rinses with tap and distilled water. Seeds were germinated in darkness at 30° C for 4 d and seedlings were grown in vermiculite at 27°C in darkness for 8 d. Batches (2 g) of 1-cm-long shoot segments were incubated in 3 ml of a medium containing 2% (w/v) sucrose, 1 mM CaCl 2 and 50 mM MES buffer (pH 6.2) in Erlenmeyer flasks with or without various plant hormones and inhibitors for 6 h with continuous shaking. For ethylene treatment, intact plants were enclosed for 6 h in 4-liter jars containing air or various concentrations of ethylene. For treatment of whole plants with IAA, 100 JUM IAA solution was applied to the intact plants as a fine mist using a spray bottle and the solution was infiltrated to the tissues with vacuum for 1 min. At the end of the each treatment, the tissues were immediately used for in vivo ACC oxidase enzyme assay or frozen in liquid nitrogen and stored at -80°C until used.
Assay of ACC oxidase activity-For assay of ACC oxidase in vivo, 2 g of shoot segments of etiolated rice seedlings was incubated in 3 ml of a medium containing 2% (w/v) sucrose, 1 mM CaCl 2) 50 mM MES (pH 6.2) and 2 mM ACC for 1 h, and the ethylene produced was measured (Fernandez-Maculet and Yang 1992) .
Determination of ethylene level-A 1 ml gas sample was withdrawn from the flask with a hypodermic syringe, and ethylene level was assayed on a gas chromatograph equipped with an aluminum column and flame ionization detector.
Polymerase chain reaction-The first strand cDNA, synthesized from 1 fig poly(A) + RNA isolated from shoot of etiolated rice seedlings, was amplified by PCR using mixed oligonucleotide
GT as the downstream primer). These primer sequences correspond to amino acid sequences of DACENWG and TNGKYKS, respectively, which represent amino acid residues 26 to 32 and 225 to 331 of mung bean ACC oxidase (Kim and Yang 1994) and were found to be highly conserved in previously identified ACC oxidase cDNAs (Kende 1993) . The EcoRl (GAA-TTC) and BamHl (GGATCC) site sequences were also included at the 5-end of sense and antisense primers, respectively, to facilitate subcloning of PCR products. PCR was performed in a total volume of 50 jul containing 5 fi\ of the first strand cDNA reaction products as described previously (Kim et al. 1998) .
Screening of cDNA library and sequencing of DNA-The lambda Zap II rice seedling cDNA library ) was screened using the 680 bp PCR product as a probe by an established procedure (Sambrook et al. 1989) . The cDNA inserts containing putative rice ACC oxidase were subcloned into Bluescript SK plasmid by in vivo excision of pBluescript from Zap II vector as described in the protocols by Stratagene (La Jolla, CA, U.S.A.). Sequencing of DNA was performed using the Sequenase DNA sequencing kit according to the manufacturer's manual (US Biochemical, Cleveland, OH, U.S.A.). Sequence analysis was carried out using DNASIS computer software.
Isolation of genomic DNA and Southern blot analysis-Rice leaf genomic DNA was isolated as described previously . Rice genomic DNA (10 fig per lane) was digested with EcoRl or Hindlll, separated by electrophoresis in a 0.7% agarose gel, and blotted to a Hybond-N nylon membrane filter (Amersham, Buckinghamshire, U.K.). The filter was hybridized to 32 Plabeled pOS-ACO2 cDNA clone as described previously .
Chromosomal mapping of ACC oxidase genes-An Fll recombinant inbred population consisting of 164 lines derived from a cross between Milyang 23 and Gihobyeo (Cho et al. 1998) was used to construct a molecular map of ACC oxidase genes. Three-week-old leaf tissue was harvested from over one hundred seedlings of each Fl 1 line and bulked for DNA extraction as de-scribed (Cho et al. 1998) . DNA was digested with 8 restriction enzymes (BamUl, Dral, EcoRl, Hindlll, EcoKV, Seal, Xbal and Kpnl) and 8//g per lane was used to make mapping filters. DNA blotting and hybridization were performed as described previously (Cho et al. 1994) . Linkage analysis was performed using Mapmaker Version 3.0 (Lander et al. 1987) on Macintosh Power PC 8100/80AV. Distances between markers are shown in map unit centiMorgans (cM).
RNA isolation and Northern blot hybridization-Total RNA of rice seedling was obtained by a method described previously ). The total RNA was precipitated overnight at 4°C by the addition of 0.3 volumes of 10 mM LiCl and then precipitated in ethanol. Total RNA (30jUg) was separated by electrophoresis on a 1 °7o formaldehyde-agarose gel and blotted to a Hybond-N nylon membranes (Amersham, Buckinghamshire, U.K.). To ensure equal loading of RNA, the gel was stained with ethidium bromide after electrophoresis. In order to confirm complete transfer of RNA to membrane filter, both gel and membrane were viewed under UV light at the end of transferring. The filter was hybridized to 32 P-labeled ACC oxidase gene-specific probes. The blots were washed as described previously (Kim et al. 1998 ) and visualized by autoradiography at -80°C using Kodak XAR-5 film and intensifying screen.
Results
Isolation and sequence analysis of rice ACC oxidase cDNA clones-As a first step in the study of the differential expression of ACC oxidase genes in rice plants, poly(A) + RNA was isolated from 8-day-old etiolated rice seedlings. Following the synthesis of the first strand cDNA from 1 jug of poly(A) + RNA, PCR was carried out with mixed oligonucleotides corresponding to the conserved amino acid sequence of DACENWG as the upstream primer, of TNGKYKS as the downstream primer (see "Materials and Methods" for sequences), and the first strand cDNA as the template. These primer amino acid sequences are highly conserved among ACC oxidases identified from various plant species (Kende 1993) . Total PCR products of about 680 bp in length were radioactively labeled and used as probes to screen the cDNA library of rice seedlings . Numerous putative ACC oxidase clones were isolated. Subsequent restriction enzyme mapping and DNA sequencing analyses revealed that these clones could be divided into two homology classes. Fig. 1A shows the restriction map of pOS-ACO2 and pOS-ACO3 which contain the longest insert among each homology class.
The pOS-ACO2 clone (GenBank Accession No. AF049888) is a partial cDNA clone (1,072 bp long) comprising a 942 bp coding region of 314 amino acids and 130 bp 3-untranslated region. pOS-ACO3 (GenBank Accession No. AF049889) is 1,299 bp long consisting of a 61 bp 5-untranslated region, a 963 bp coding region encoding 321 amino acids and a 275 bp 3-untranslated region (Fig. IB) . The predicted molecular mass of polypeptide encoded by pOS-ACO3 is 35.9 kDa. The overall nucleotide sequence homology between pOS-ACO2 and pOS-ACO3 is 72.6%, and the coding regions of pOS-ACO2 and pOS-ACO3 are 77.3% and 69.4% identical at the nucleotide and amino acid levels, respectively (Fig. IB) . The coding region of pOS-ACO2 share 92% sequence identity at the amino acid level with previously identified ACC oxidase cDNA clone (OS-ACO1, GenBank accession No. X85747) of deep water rice reported by Mekhedov and Kende (1996) . However, the length and nucleotide sequence of 3-untranslated region of pOS-ACO2 was widely different from those of deepwater rice clone. Comparison of the deduced amino acid sequences between pOS-ACOl and pOS-ACO2 indicates that pOS-ACO2 lacks 8 amino acid residues at the N-terminal region (Fig. IB) . The deduced amino acid sequence of pOS-ACO3 is 72% identical to that of pOS-ACO1, indicating that the OS-ACO3 gene is a more divergent member of gene family.
Genomic Southern blot analysis-Southern blot analysis was performed on rice genomic DNA digested with EcoRI or Hindlll using pOS-ACO2 cDNA as a probe. As shown in Fig. 2 , three hybridizing bands were detected with each restriction digest. These results suggest that there are at least three ACC oxidase genes per haploid rice genome.
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Chromosomal assignment of OS-ACO2 and OS-ACO3-An Fll recombinant inbred population of rice was used to locate the OS-ACO2 and OS-ACO3 genes on the rice chromosome genetic maps. The full length cDNA clones, pOS-ACO2 and pOS-ACO3, respectively, were used as probes for genomic Southern analysis. Fig. 3 shows that each individual ACC oxidase gene occupies a different Eight-day-old etiolated rice seedlings were harvested and aerial parts were segmented. The excised seedlings were incubated for 6h in a medium (50 mM MES, pH 6.2, 2°7o sucrose and 1 mM CaCl 2 ) containing 100 ^M IAA, 100 fiM GA, 100 juM kinetin, 100//M ABA, or 100 ^M methyl jasmonate. After treatments, total RNAs (30 fig) were isolated and resolved on a 1% agarose-formaldehyde gel. The gel was blotted on a membrane filter and the blot was hybridized to 32 P-labeled gene-specific probe for pOS-ACO2 (probe 1) or pOS-ACO3 (probe 2). The blot was visualized by autoradiography. The equivalence of RNA loading among lanes of agarose gel was demonstrated by ethidium bromide staining of RNA on the gel. (B) Intact eight-day-old etiolated rice seedlings were enclosed in 4-1 jars containing air or various concentrations (0.1-500,ul liter ') of ethylene. After 6h treatment, aerial part of seedlings were excised and used for RNA extraction. Total RNA was analyzed using gene-specific cDNA probes for ACC oxidase as described above. chromosome of rice genome. The OS-ACO2 gene is positioned on the bottom region of long arm of chromosome 9, which is closely linked with a rice microsatellite marker, RM257, with a genetic distance of 4.1 cM (Fig. 3) . The OS-ACO3 gene is located on the bottom region of long arm of chromosome 2, which is associated with a rice cDNA clone, C601, with a genetic distance of 7.4 cM (Fig. 3) . These results indicate that two ACC oxidase genes are not clustered in the rice genome.
Differential expression of rice ACC oxidase genes in response to various plant hormones-To assess the differential expression of OS-ACO2 and OS-ACO3 mRNAs in rice plants, we constructed the gene-specific probes (probes 1 and 2 for each homology class, Fig. 1A) by PCR for the subsequent expression studies. The size of both genespecific probes was 446 bp and identity of the nucleotide sequence between them was 69%. The extent of crosshybridization of probes was examined by Southern blot analysis (data not shown). The result was that both probes did not cross-hybridize under our hybridization and washing conditions, indicating that these probes are specific for each gene family member.
To study the hormonal regulation of these two ACC oxidase genes, total RNAs were isolated from shoot seg- ments of etiolated rice seedlings which had been treated for 6h with various plant hormones, including 100 ^M IAA, 100 [iM GA, 100//M kinetin, 100 ^M ABA or 100 ^M MJ, and then the level of transcripts was monitored by RNA gel blot analysis using the gene-specific probes. As shown in Fig.4A , OS-ACO2 was highly inducible by 100 ^M IAA, while other growth regulators failed to enhance the accumulation of the OS-ACO2 mRNA. By contrast, the expression of OS-ACO3 was not affected by any of these plant hormones (Fig. 4A) . We next examined whether rice ACC oxidase genes are differentially expressed upon ethylene treatment. Intact 8-day-old etiolated rice seedlings were incubated with various concentrations of ethylene for 6h. Total RNA was then isolated from aerial parts of seedlings and analyzed by Northern hybridization using gene-specific-probes. Fig. 4B reveals that 0.1 /ul liter ! ethylene substantially increased the level of OS-ACO3 transcript, while 100 /A liter" 1 ethylene caused a near maximal accumulation of the transcript. On the other hand, the expression of OS-ACO2 was not enhanced by ethylene treatment (Fig. 4B) . These results indicate that two members of ACC oxidase gene family, OS-ACO2 and OS-ACO3, are specifically induced by auxin and ethylene, respectively, in etiolated rice seedlings. Thus, it appears that there are two groups of ACC oxidase transcripts in rice plants, either auxin-induced or ethylene-induced.
Auxin and ethylene specifically regulate two ACC oxidase genes-Ethylene production, ACC oxidase enzyme activity and mRNA expression patterns of the OS-ACO2 gene in response to different concentrations of auxin were investigated in etiolated rice seedlings. In control tissue, ethylene production and ACC oxidase enzyme activity were 2 nl (g 6 h)" 1 and 13 nl (g h)" 1 , respectively (Fig. 5A ). At increasing concentrations of IAA, both ethylene production and enzyme activity gradually increased, and reached 40 nl (g 6 h)" 1 and 33 nl (g h)" 1 , respectively, in the tissue treated with 100 ^M IAA (Fig. 5A ). Figure 5B also shows that the induction pattern of OS-ACO2 is parallel with those of ethylene production and enzyme activity, and hence, the level of OS-ACO2 is concomitantly induced by IAA in a dose-dependent manner. In the case of 2,4-D, the induction pattern of OS-ACO2 was similar to that by IAA, with the higher transcript level being observed (Fig. 5B) . By contrast, OS-ACO3 mRNA was not induced by any of these auxin treatments (data not shown). Peck and Kende (1995) previously reported that IAA increased ACC oxidase enzyme activity and its mRNA accumulation in intact etiolated pea seedlings through the action of ethylene whose production was enhanced by the IAA-induced ACC synthase activity. Because the induction patterns of OS-ACO2 and ethylene production by auxin were found to be very similar in rice seedlings (Fig. 5B) , we considered the possibility that the auxin-inducible rice OS-ACO2 gene might be also regulated through the action of auxin-induced ethylene. To assess the possible role of auxin-induced ethylene on the OS-ACO2 mRNA expression, rice shoot segments were incubated with 100//M IAA in the presence or absence of 5,000 /ul liter" 1 NBD, an ethylene action inhibitor (Sisler and Yang 1984) , or 100 yM AVG, an inhibitor of ACC synthase activity (Yu et al. 1979) . Total RNAs were then extracted from these tissues and the relative abundance of OS-ACO2 transcript was compared. As shown in 
OS-ACO2
OS-ACO3 rRNA Fig. 7 Hormonal interaction on the expression of different ACC oxidase genes in rice seedlings. Intact 8-day-old etiolated rice seedlings were treated for 6h with 100//M IAA, 100 ^1 liter ! ethylene or 100 ^M IAA +100^1 liter" 1 ethylene. After treatments, total RNAs (30 ^g) were isolated from the tissue and subjected to RNA gel blot analysis using 32 P-labeled gene-specific probes for OS-ACO2 and OS-ACO3, respectively, as described in Fig. 2 . The equivalence of RNA loading among lanes of agarose gel was demonstrated by ethidium bromide staining of RNA on the gel. level, suggesting that the induction of OS-ACO2 by IAA was not mediated by auxin-induced ethylene. Taken together, these results are consistent with the notion that auxin and ethylene specifically induce OS-ACO2 and OS-ACO3, respectively, by distinct signal transduction pathway and regulatory mechanism in etiolated rice seedlings.
Hormonal cross-talk for the regulation of ACC oxidase genes- Fig. 6 also shows that ethylene inhibitors, NBD and AVG, rather slightly increase the level of auxininduced OS-ACO2 transcript. These results raise the possibility that ethylene has an antagonizing effect on the action of auxin which leads to the induction of OS-ACO2. To investigate this possibility, intact etiolated rice seedlings were treated for 6 h with both IAA and ethylene simultaneously, and the relative abundance of OS-ACO2 and OS-ACO3 transcripts was determined. As shown in Fig. 7 , ethylene was able to suppress partially the auxin-induced OS-ACO2 gene expression, while auxin completely blocked the ethylene-dependent OS-ACO3 mRNA accumulation. These data suggest that auxin and ethylene somehow interact with each other to exert their effects negatively on the expression of ACC oxidase gene family in etiolated rice seedlings. Overall, these results indicate that regulation of ACC oxidase genes occurs via multiple mechanisms by which auxin and ethylene act both the independent (Fig. 4 , 5, 6) and interdependent (Fig. 6, 7 ) pathways in etiolated rice seedlings.
Involvement of protein dephosphorylation in the auxin induction of OS-ACO2-To investigate the possible role of protein phosphorylation in the auxin signaling that leads to the induction of OS-ACO2 mRNA, shoot segments of etiolated rice seedlings were treated with IAA in the presence of staurosporine, a potent inhibitor of protein kinase, or okadaic acid, a specific inhibitor of protein phosphatase type 1 and 2A (Tamaoki 1991) . Fig. 8 depicts that 1 yuM okadaic acid effectively abolished the auxin induction of OS-ACO2, while 5//M staurosporine did not affect the induction of OS-ACO2 by IAA. Thus, protein dephosphorylation by an okadaic acid sensitive protein phosphatase appears to be important for the expression of auxin-inducible ACC oxidase gene in rice seedlings.
Discussion
Plant hormones mediate numerous physiological aspects of plant growth and development. In many cases, regulation of processes in growth and development occurs via a tight correlation between different hormones, rather than by the action of single hormone (Davies 1995) . Much evidence has been accumulated that the gaseous plant hormone ethylene also functions in conjunction with other hormones (Abeles et al. 1992) . For example, ethylene induces rapid elongation of deepwater rice internode by increasing the responsiveness of the internodal tissue to GA and changing the ratio of an endogenous GA and ABA in the tissue (Hoffman-Benning and Kende 1992) . It has been shown that hypocotyl hook growth is regulated by the interaction of ethylene and auxin in Phaseolus vulgaris (Schwark and Schierle 1992) . Zhang and O'Neill (1993) have shown that ovary and gametophyte development in orchid plants are coordinately regulated by both ethylene and auxin after pollination.
In addition to the action of ethylene, biosynthetic pathway of ethylene is also regulated by different hormones. Auxin has long been known to stimulate ethylene production in various plant tissues by promoting de novo synthesis of ACC synthase and of ACC Hoffman 1984, Abel and Theologis 1996) . Cytokinin and brassinosteroid enhance the auxin-induced ethylene production in a synergistic manner (Arteca et al. 1983 , Schlagnhaufer et al. 1984 , Yang and Hoffman 1984 . Recent molecular studies have presented that AT-ACS4, a member of Arabidopsis ACC synthase multi-gene family, is rapidly (within 25 min) and specifically induced by IAA (Abel et al. 1995) , while the expression of AT-ACS5 is regulated by cytokinin by a posttranscriptional mechanism (Vogel et al. 1998) . Rodrigues-Pousada et al. (1999) have recently shown that the regulation of AT-ACS 1 gene expression is mediated by the interaction between auxin, cytokinin and ethylene in a developmental-and tissue-dependent manner in Arabidopsis plants ( Rodrigues-Pousada et al. 1999) . In mung bean hypocotyls, expression of three members of ACC synthase gene family is controlled via multiple mechanisms by which auxin and brassinosteroid act by both the separate and interdependent pathways (Kim et al. 1997a , Yi et al. 1999 .
It has been well documented that ethylene promotes its production through a positive feedback loop during fruit ripening and floral senescence Hoffman 1984, Abeles et al. 1992 ). This autocatalytic ethylene synthesis is due to an increase in ACC oxidase activity, the final step of ethylene biosynthetic pathway. The autocatalytic induction of ACC oxidase gene expression has also been shown in some vegetative tissues, including mung bean hypocotyl and root tissues (Kim and Yang 1994 , Kim et al. 1997b , Jin et al. 1999 , tomato and melon leaves (Barry et al. 1996 , Lasserre et al. 1996 , and Nicotiana glutinosa leaves (Kim et al. 1998 ). However, far less has been known about the regulation of ACC oxidase by different hormonal interactions. Peck and Kende (1995) have shown that IAA causes a marked increase in ACC oxidase transcript and activity levels in etiolated pea seedlings. The IAA-induced increase in ACC oxidase mRNA level and enzyme activity was blocked by NBD, a competitive inhibitor of ethylene action, indicating that the IAA induction of ACC oxidase was due to the auxin-induced ethylene, rather than to the specific action of auxin in pea seedlings. Wang and Arteca (1995) depicted that the ACC oxidase gene {GEFE-1) was highly induced by 2,4-D treatment in Pelargonium leaves. However, the molecular mechanism of the auxin-induced GEFE-1 expression was not addressed.
In the present studies we isolated two members of ACC oxidase cDNA clones, pOS-ACO2 and pOS-ACO3, Protein Dephosphorylation Auxin
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,-r Ethylene OS-ACO3 which are located on the different chromosomes of rice genome (Fig. 1A, 3 ). The polypeptide encoded by pOS-ACO2 displays a high degree of sequence identity (92°7o) with previously characterized OS-ACO1 from deepwater rice, while OS-ACO3 is a more divergent member of this gene family (70-72% identity at the amino acid level) (Fig. IB) . In etiolated rice seedlings, OS-ACO2 is highly responsive to IAA and 2,4-D, while OS-ACO3 is markedly induced by ethylene (Fig. 4, 5) . The auxin-induced increase in OS-ACO2 expression was not inhibited by ethylene inhibitors, such as NBD and AVG, suggesting that the auxin induction of OS-ACO2 was not mediated by the action of auxin-induced ethylene (Fig. 6) . Thus, auxin and ethylene specifically modulate the expression of OS-ACO2 and OS-ACO3, respectively, by distinct signal transduction pathway and regulatory mechanism. When rice seedlings are incubated with IAA along with ethylene, the level of IAA-induced OS-ACO2 mRNA is partially reduced, while auxin completely abrogates the ethylene-induced OS-ACO3 gene expression (Fig. 7) . Therefore, it seems most likely that, in addition to the specific signaling pathway, there exists intimate regulatory cross-talk between auxin and ethylene for the antagonizing effect on the expression of ACC oxidase genes. Overall, these results suggest that the regulation of ACC oxidase genes exhibits the multiple mechanism that auxin and ethylene act both the parallel and interactive pathways in rice seedlings (Fig. 9) . These complex hormonal regulation of ACC oxidase gene expression would permit the rice plant to respond rapidly and selectively to diverse developmental and environmental cues. However, the physiological relevance of the differential expression of ACC oxidase gene family and the function of the corresponding ACC oxidase proteins remain to be elucidated. We are currently making an effort to characterize various biochemical parameters of individual ACC oxidase proteins by using the expression system in yeast cells. These studies would help us to understand the physiological role of individual ACC oxidase isoforms in rice plants.
